• Flagellin activates TLR5 signaling in mouse bone marrow and induces hematopoietic progenitor cell proliferation.
Introduction
Bacterial flagellin is recognized via Toll-like receptor 5 (TLR5), which activates classic nuclear factor kB-mediated gene expression, and NOD-like receptor C4 (NLRC4), whose activation leads to inflammasome-mediated production of interleukin-1b (IL-1b) and IL-18. TLR5 has a cellular expression pattern, enriched on epithelial cells, mucosal CD11c 1 phagocytes, and hepatocytes, that enables its activation to confer protection against a range of challenges, including infection, toxic chemicals, and g-radiation. [1] [2] [3] However, TLR5 is not functionally expressed on many populations of innate immune cells that express the lipopolysaccharide receptor TLR4. 4 This explains why, in contrast to lipopolysaccharide, flagellin does not elicit systemic production of proinflammatory cytokines such as tumor necrosis factor a or its associated adverse events. However, multiple lines of evidence indicate that flagellin treatment has potent effects on immune cell proliferation and/or mobilization. 3, 5, 6 Specifically, treatment with flagellin results in a very large increase in neutrophils in the intestine. The magnitude of this increase suggested that it did not only reflect neutrophil recruitment to the intestine but involved increased neutrophil production. 3 Furthermore, bone marrow cells isolated from flagellin-treated mice had a greater capacity than untreated bone marrow to rescue lethally irradiated mice that had not been exposed to flagellin. 1 This suggests that flagellin treatment had impacted hematopoietic precursors in bone marrow. Hence, we sought to further define the impact of flagellin treatment on bone marrow cells.
The majority of cells in murine bone marrow are differentiated cells, including neutrophils, monocytes, dendritic cells, T cells, and plasma cells. [7] [8] [9] [10] Undifferentiated bone marrow cells, including long-term (LT) hematopoietic stem cells (HSCs), short-term (ST) HSCs, and multipotent progenitor cells (MPPs), are lineage marker negative and express Sca-1 and c-Kit (or Kit), which constitute a population of cells referred to as Lin 2 Sca-1 1 Kit 1 (LSK) cells. 7, 11 LSK cells only comprise ;0.5% of total bone marrow cells. 7, [11] [12] [13] Among LSK cells, LT-HSC retain long-term renewal ability, while ST-HSC and MPPs only differentiate to various mature lineages. 7, 11, 14 Repopulation of neutrophils in peripheral blood is critical for protection against infection after irradiation or bone marrow transplantation. 15 Hence, we hypothesized that flagellin might activate bone marrow cells to induce either LT-HSC or hematopoietic progenitor cell proliferation and differentiation. To investigate these possibilities, we examined how flagellin treatment impacted bone marrow cells ex vivo and in mice treated with flagellin. We observed that flagellin treatment induced expansion of LSK cells, particularly ST-HSCs and MPPs, especially type 3 MPP (MPP3). Upon isolation of flagellin-induced MPP3 and their transfer into irradiated hosts, we found that these cells persisted for a few weeks, predominantly repopulated the neutrophil compartment, and, most importantly, greatly enhanced the ability of recipient mice to survive after a myeloablative dose of irradiation.
Materials and methods
Mice Animal studies were approved by the Institutional Animal Care and Use Committee at Georgia State University (protocol A14033). Wild-type (WT) C57BL/6, RAG1 2/2 , and CD45.1 1 mice (C57BL/6 background) were obtained from The Jackson Laboratory (Bar Harbor, ME). Swiss Webster mice were purchased from Taconic (Hudson, NY). IL-22 2/2 and NLRC4 2/2 mice were provided by Genentech (South San Francisco, CA). TLR5 2/2 mice were generated by Shizuo Akira (Osaka University, Japan) and backcrossed to C57BL/6 mice for 10 generations. Generation of TLR5 2/2 /NLRC4 2/2 mice was previously described. 16 Albumin-Cre and TLR5-floxed mice were crossed to generate albumin-Cre-TLR5 fl/fl mice, which have a .95% reduction in TLR5 messenger RNA levels in hepatocytes. 17 
Flagellin preparation
The FliC isoform of flagellin was purified by high-performance liquid chromatography and purity verified as previously described. 18, 19 Prepared flagellin did not activate gene expression (as assessed by reverse transcription polymerase chain reaction and microarray) in mice lacking both known flagellin receptors, indicating it did not contain levels of innate immune agonists beyond flagellin.
Whole bone marrow cell preparation
Bone marrow cells were eluted from the femurs of mice with RPMI 1640 supplemented with 10% fetal bovine serum and 1% penicillinstreptomycin (in complete RPMI), followed by incubation in red blood cell lysis buffer for 3 minutes at room temperature. The cells were then washed with fresh media and resuspended in cold phosphate-buffered saline (PBS) for further use.
In vivo and ex vivo assay
For in vivo studies, mice were treated with PBS or 20 mg FliC by intraperitoneal (IP) injection. Fifteen hours later, mice were labeled with 1 mg 5-bromo-29-deoxyuridine (BrdU) by IP injection. Mice were euthanized after 1 hour and whole bone marrow cells analyzed by flow cytometry. For ex vivo studies, whole bone marrow cells were isolated and incubated in 20 mL complete RPMI with or without 50 ng/mL FliC for 15 hours. The cells were then labeled with 10 mM BrdU for 1 hour before flow cytometry analysis. In some ex vivo cultures, granulocyte colony-stimulating factor (G-CSF) was neutralized with anti-G-CSF as previously described. 20 
Generation of bone marrow chimeras
Bone marrow chimeras were generated as previously described. 21 Recipient mice were subjected to X-ray irradiation at a dose equivalent to 8.5 Gy using an RS-2000 irradiator (Rad Source Technologies) prior to being administered 1 3 10 7 donor bone marrow cells by IV injection. Mice were then maintained in sterile cages and supplied with drinking water containing 2 mg/mL neomycin. Mice were used for experiments 8 weeks later.
Repopulation assay
Measurement of short-term repopulation was performed as previously described. [22] [23] [24] CD45.1 1 WT B6 mice (recipient) were lethally irradiated as described in "Generation of bone marrow chimeras." Then, 2 3 10 5 whole bone marrow cells from CD45.1 1 WT B6 mice (competitor cells) plus a range of whole bone marrow cells from PBS-or FliC-treated CD45.2 1 WT B6 mice (test donor cells) were cotransferred to recipient mice. Recipient mice were housed under sterile conditions with sterile food and sterile water containing 2 mg/mL neomycin. After 4 or 8 weeks, whole blood of these mice was analyzed for peripheral repopulation. The repopulation unit was determined by chimerism of donor whole blood cells based on CD45.1 1 or CD45.2 1 cells using the following formula: ð½test donor cell chimerism % 3 ½competitor cell numberÞ= ðcompetitor chimerism % 3 10 5 Þ. [22] [23] [24] Fluorescence-activated cell sorting (FACS) and adoptive transfer MPP3 cells were sorted on a Sony SH800 FACS sorter (Sony Biotechnology). Whole bone marrow cells from flagellintreated mice were stained with fluorochrome-labeled antibodies. Lin 2 Sca-1 1 Kit 1 CD34 1 Flt3 2 CD48 1 CD150 2 (MPP3) cells were sorted. All cells were double sorted to ensure high purity (over 95% purity). In different experiments, indicated numbers of whole bone marrow cells with or without sorted MPP3 cells were injected into lethally irradiated mice.
Flow cytometry analysis
Mouse bone marrow cells or whole-blood leukocytes were isolated and blocked with 10 mg/mL anti-CD16/anti-CD32 (clone 2.4G2, ATCC) for 10 minutes in FACS buffer. Aliquots of cells were suspended in 0.1 mL BD FACS buffer on ice for 20 minutes with fluorescein isothiocyanate-, phycoerythrin-, PerCP-, allophycocyanin-, phycoerythrin-Cy7-, Alexa Fluor 700-, Pacific blue-, Brilliant Violet 650-, and Brilliant Violet 785-conjugated monoclonal antibodies to detect the following surface antigens: mouse lineage marker cocktail (CD3e, CD11b, B220, Gr-1, and Ter119), Sca-1, c-Kit (CD117), CD34, Flt3 (CD135), CD48, CD150, CD11b, CD45.1, CD45.2, and Ly-6G (BD Biosciences). Markers for LT-HSCs, ST-HSCs, and MPP1-MPP4 are previously described. 14, 25, 26 In cell proliferation assays, intracellular staining of allophycocyanin-conjugated anti-BrdU and 7-aminoactinomycin D (7-AAD) were performed following surface staining. Stained cells were analyzed on a BD Fortessa flow cytometer. Data analysis was carried out using FlowJo (Tree Star, Ashland, OR).
Results

Flagellin treatment induces LSK cell expansion in vivo
We previously observed that relative to bone marrow from untreated mice, bone marrow isolated from mice that had, 24 hours prior, been injected with flagellin had a greater capacity to rescue mice from radiation-induced death. 1 We hypothesized that this might reflect the ability of bone marrow cells to sense flagellin and result in a proliferation of stem cells, enabling such marrow to more efficiently repopulate the hematopoietic compartment of irradiated mice. To investigate this possibility, we treated mice (C57BL/6) with flagellin (20 mg) by IP injection. Fifteen hours following treatment, mice were administered BrdU and euthanized 1 hour later. Bone marrow was then isolated and analyzed by flow cytometry. Such flagellin treatment resulted in an approximate fourfold increase in the number and percentage of LSK cells ( Figure 1A -C), which contain both hematopoietic stem and progenitor cells. This increase in the number of LSK cells was associated with a fivefold increase in the percentage of LSK cells that were actively proliferating ( Figure 1A ,D). Together, these results indicate that flagellin induced the proliferation of LSK cells.
Flagellin-induced LSK cell proliferation requires TLR5, but not NLRC4
We next sought to elucidate how bone marrow cells recognized flagellin. We used mice deficient in both flagellin receptors, namely TLR5 and NLRC4. While the basal levels and proliferation rates of LSK cells in mice lacking these receptors (TLR5 2/2 /NLRC4 2/2 mice, hereafter referred to as N4T5-DKO) were variable (compare Figure 2A -D and supplemental Figure 1A -C), we consistently observed that these mice did not exhibit flagellin-induced proliferation based on the percentage or absolute number of LSK cells in the bone marrow or the percentage of such cells in S phase ( 
Flagellin activates TLR5 on bone marrow-derived cells to induce LSK cell proliferation
When administered systemically, a major portion of flagellininduced cytokines is generated by nonhematopoietic cells, especially epithelial cells and hepatocytes (epithelial-like). 21, 27 Indeed, hepatocyte TLR5 is central to mediating the liver's response to flagellin and is speculated to play a role in flagellin-mediated protection against radiation. 28 Hence, we hypothesized that hepatocyte TLR5 might drive flagellin-induced LSK cell proliferation. However, we observed that the deletion of hepatocyte TLR5 in mice did not diminish flagellin-induced LSK cell proliferation, arguing against this possibility (supplemental Figure 2A -D). While several populations of bone marrow-derived cells are unresponsive to flagellin, key aspects of the flagellin-induced immune response (eg, activation of the IL-23/IL-22 axis) are mediated by TLR5-expressing dendritic cells. 3, 29, 30 Hence, we hypothesized that flagellin-induced LSK cell proliferation might reflect its action on bone marrowderived cells. To investigate this possibility, we generated bone marrow chimeric mice in which only hematopoietic or nonhematopoietic cells expressed TLR5. We observed that mice expressing TLR5 only in their hematopoietic cells displayed robust LSK cell proliferation in response to flagellin, whereas mice expressing TLR5 only on nonhematopoietic cells did not display this phenomenon (supplemental Figure 3A 
Flagellin induces LSK cell proliferation indirectly through other bone marrow cells
The key role of TLR5 in mediating bone marrow LSK cell proliferation in response to flagellin could be explained by activation of TLR5 on LSK cells themselves or result from another bone marrow cell population being activated via TLR5 in a manner that indirectly results in LSK cell proliferation. To investigate this question, we mixed at a 1:1 ratio bone marrow from CD45.1 1 WT and CD45.2 1 N4T5-DKO mice. The mixed bone marrow was then treated with flagellin in culture for 15 hours, and LSK cells were assayed as described above. The overall extent to which flagellin induced LSK cell proliferation tended to be modestly less in such mixed cultures, suggesting that the number of TLR5-expressing cells may be a limiting factor in this response. Nonetheless, we observed a similar increase in proliferation of LSK cells that originated in WT and N4T5-DKO mice, suggesting that activation of LSK cells by flagellin is indirect ( Figure 4A-D) . Analogous results were also seen in vivo. Specifically, we generated mixed chimeric mice in which ;50% of donor bone marrow cells were from WT or N4T5-DKO mice and assayed for flagellin-induced LSK cell proliferation in vivo. Again, the extent of increase in LSK cell number and percentage of cells in S phase was reduced in these mice, which presumably had a 50% reduced number of cells capable of detecting flagellin. However, a similar increase in proliferation of LSK cells that originated from WT or N4T5-DKO mice was observed after flagellin treatment (supplemental Figure 5A cell types might be driving flagellin-induced LSK cell proliferation, we sought to determine which bone marrow cell types express TLR5. Flow cytometry analysis indicated a significant expression of TLR5 on neutrophils (CD11b 1 Ly6G 1 cells) (supplemental Figure 6 ), suggesting that flagellin may activate bone marrow neutrophils to mediate LSK cell proliferation.
Flagellin treatment preferentially induces hematopoietic progenitor cells in bone marrow
In addition to LT-HSCs, the LSK population also contains ST-HSCs and a range of multipotent hematopoietic progenitor populations (MPP1-MPP4). 7, 11, 13, 14 In order to better understand which of these subtypes were impacted by flagellin treatment, we performed flow cytometry analysis on LSK cells from flagellin-or PBS-treated WT B6 mice using the recently defined signaling lymphocytic activation molecule (SLAM) code, which is capable of distinguishing LT-HSC, ST-HSC, and MPP subtypes. 14, 25, 26 This cellular identification protocol indicated that flagellin did not increase the level or alter the proliferative status of LT-HSCs (supplemental Figure 7A-C) . Rather, flagellin treatment drove the proliferation of ST-HSCs and myeloid precursors MPP2 and especially MPP3, whose levels increased 10-fold following flagellin treatment ( Figure 5A-E) . This suggests that flagellin was not uniformly increasing the ability of bone marrow to repopulate the hematopoietic compartment but rather preferentially promoting proliferation of myeloid precursors. 14 As a functional approach to complement this analysis, we also performed a classic competitive repopulation assay that compared the repopulation ability of bone marrow from flagellin-treated or control (PBStreated) mice, wherein these donor marrows were distinguished by using mice with different CD45 antigen (CD45.1 or CD45.2). In accord with the SLAM-code flow cytometry analysis, this approach indicated that flagellin treatment did not alter the bone marrow's longterm repopulation ability; rather, it preferentially enhanced repopulation of myeloid (CD11b 1 ) lineages (supplemental Figure 8A-B ).
Flagellin-induced MPP3 cells are myeloid biased and predominantly differentiate to neutrophils
Next, we sought to better understand the functional capacity of the bone marrow cell types whose proliferation is promoted by flagellin, particularly MPP3 cells. FACS-sorted MPP3 cells isolated from the bone marrow of flagellin-treated CD45.2 1 mice were adoptively transferred, along with whole bone marrow cells isolated from untreated CD45.1 1 mice, to lethally irradiated mice. Peripheral blood was then collected on days 14, 28, and 60 and assayed by flow cytometry. On days 14 and 28, almost all detectable cells of MPP3 origin (CD45.2) were CD11b 1 cells, accounting for 99.2% and 84.5% of the population, respectively, and these cells were predominantly neutrophils ( Figure 6 ). During this period, ;20% of all myeloid cells were of MPP3 origin, despite MPP3 comprising ,1% of the administered cells. In contrast, by 60 days, the myeloid compartment was virtually devoid of cells of MPP3 origin ( Figure 6 ). Thus, MPP3 have a high capacity to temporarily repopulate the myeloid compartment. In accord with this notion and earlier work, we observed that simply administering flagellin to an otherwise untreated WT mouse resulted in a rapid robust increase in blood neutrophils (supplemental Figure 9 ). Next, we sought to define whether flagellin was altering the relative ability of MPP3 to populate the myeloid compartment or was primarily functioning upstream to increase numbers of MPP3. In accord with the latter notion, we did not observe a significant difference in the ability of equal numbers of MPP3 cells from naive and flagellin-treated mice to develop along the myeloid lineage, nor did we observe a difference in neutrophil production (supplemental Figure 10A-B) . However, we observed a linear relationship between input MPP3 cell number and the number of MPP3-originated neutrophils (supplemental Figure 11 ).
Flagellin-induced MPP3 cells increase survival following irradiation/bone marrow transplantation
MPP3 cells are the main source of neutrophils, which play a critical role in survival after bone marrow transplantation or chemotherapy. 14, [31] [32] [33] [34] [35] We hypothesized that flagellin's induction of MPP3 cell proliferation may underlie its radioprotective effect and, hence, that administration of exogenous purified MPP3 cells might have the ability to aid survival in a scenario in which administered bone marrow was insufficient for this purpose. To test this hypothesis, we lethally irradiated C57BL/6 mice and transferred 1 3 10 5 whole bone marrow cells (the number of cells needed, but not sufficient, to rescue them), whereas giving a higher number of such bone marrow cells allowed them survive. 1 To test whether MPP3 cells could aid survival, we lethally irradiated mice (n 5 8 per condition) and administered 1 3 10 5 whole bone marrow cells with or without 5 3 10 3 FACS-sorted MPP3 cells isolated from flagellin-treated mice. The majority of mice receiving only 1 3 10 5 bone marrow cells died within 3 weeks of the procedure. In contrast, all irradiated mice receiving bone marrow cells plus MPP3 remained alive throughout the 30-day period (Figure 7) . A complete blood count indicated that mice receiving bone marrow plus MPP3 showed an approximate twofold increase in the number of white blood cells and a fourfold increase in the number of red blood cells at 3 weeks posttransfer (the average white and red blood cell counts for mice receiving bone marrow plus MPP3 or bone marrow only were 1.6 3 10 8 /L vs 0.8 3 10 8 /L and 8.0 3 10 11 /L vs 2 3 10 11 /L, respectively). We next performed a similar experiment using outbred Swiss-Webster mice, which like human donorrecipient pairs that rarely have highly precise major histocompatibility complex matching (n 5 10 per condition) and observed a similar degree of protection by addition of MPP3 cells (supplemental Figure 12 ). That temporary repopulation of the myeloid compartment via administration of small numbers MPP3 cells greatly improved survival after irradiation suggests that these cells might have the potential to treat a range of conditions in which neutropenia is problematic.
Discussion
This study sought to define the extent to which systemic treatment with bacterial flagellin impacts populations of cells in the bone marrow. We hypothesized that attaining such knowledge would elucidate the mechanism by which bacterial flagellin administration protects against ionizing radiation. Herein, we report that such flagellin treatment activated TLR5 on bone marrow cells and drove the rapid expansion of hematopoietic progenitor cells, providing an ample neutrophil reserve in the bone marrow. We view this mechanism as one that would be robustly activated in a major infectious or injurious event wherein it provides a means to couple the emergency recruitment of neutrophils to the acceleration of the production pipeline. However, some toxic insults such as radiation and chemotherapy that might create a need for rapid neutrophil production would tend to destroy rapidly dividing progenitor cells.
Our results indicate that this problem can be surmounted by direct administration of neutrophil precursors following radiation. Such temporary boost in neutrophils, conferred by flagellin-elicited MPP3 cells in particular, afforded a clear survival advantage following irradiation. We propose that transfer of such MPP3 cells may be developable as a novel strategy to treat a variety of diseases associated with neutropenia, especially those in which the disease or its treatment has impaired endogenous hematopoiesis. Given that each transferred MPP3 cell produces hundreds of millions of daughter cells in its weeks-long lifetime in its new host, 14 we envision it might provide a greater and more lasting benefit than granulocyte transfers, which are currently used to treat severely neutropenic patients. Conversely, the temporary nature of these cells and their minimal tendency to develop along lymphocytic lineages should minimize the likelihood of graft-versus-host disease or other long-term adverse events associated with stem cell transplants. In accord with this notion, we note that, in fact flagellin treatment of mice has been shown to reduce disease severity in a mouse model of graft-versus-host disease. 36 Ability to drive the remodeling of the bone marrow compartment is not unique to flagellin. Rather, emergency hematopoiesis has been described in a number of infectious events and in response to other TLR agonists. [37] [38] [39] [40] [41] One important difference between flagellin and such agonists is that flagellin does not induce large amounts of master proinflammatory cytokines such as tumor necrosis factor a and IL-12 p70, enabling it to be administered repeatedly at doses similar to those used here without significant clinical-type adverse events. Another difference is that some TLR agonists are reported to directly act upon LSK cells, which was not the case in our study. 41 There also appears to be a difference between hematopoiesis induced by flagellin and that described for other agents in that the hematopoiesis induced by flagellin seems particularly biased toward neutrophil production. Such bias is in accord with observations that the most numerous and highly flagellin-responsive cell type, namely epithelial cells, produces copious amounts of neutrophil-attracting chemokines in response to flagellin. 6, 21, 42 Thus, a systemic exposure to flagellin would at once mobilize neutrophils to mucosal surfaces and activate production of these cells. 3 This explains our previous observation that repeated treatment of mice with flagellin over a 10-day period resulted in an enormous load of neutrophils in the intestine. 3 The production phase of this process can be initiated quickly, as we observed a sixfold increase in blood neutrophils 15 hours following flagellin treatment (supplemental Figure 9 ).
The requirement for TLR5, but not NLRC4, in mediating flagellininduced hematopoiesis is not surprising, as the binding of these receptors leads to very different signal pathways: nuclear factor kB Days post BM transplantation 
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Competitor BM cells: CD45.1 + MPP3 cells: CD45.2 + activation by TLR5 and caspase-1 activation by NLRC4. [42] [43] [44] Surprising to us, however, is that such hematopoiesis was driven by TLR5-expressing cells in the bone marrow compartment (Figures 3A-D and 4A-D). Given that, relative to other TLR agonists, flagellin preferentially activates hepatocytes and cells at mucosal surfaces (epithelial cells and mucosal CD11c 1 phagocytes), we had initially presumed that flagellin's impact on the bone marrow compartment was driven by its systemic induction of cytokines. 21, 45 Indeed, recent studies strongly suggested that flagellin-induced liver cytokines impact the bone marrow compartment, resulting in leukocyte egress that plays a role in radioprotection. 2, 28 However, use of mice that lack TLR5 in hepatocytes, 17 which account for ;98% of the TLR5 messenger RNA in this organ, indicates such TLR5 was not needed for activation of flagellin-induced hematopoiesis (supplemental Figure 2A-D) . Rather, a very similar pattern of results using WT/TLR5-knockout bone marrow chimeras and ex vivo study with culture of WT or N4T5-DKO bone marrow cells argued that flagellin-induced hematopoiesis was mediated by activation of TLR5 on bone marrow cells ( Figure 3A -D; supplemental Figure 3A -B). Given that we have not observed TLR5 expression on LSK cells (data not shown) or MPP3 cells (supplemental Figure 13 ), the activation of LSK cell proliferation and MPP3 cell expansion by flagellin was likely not direct but rather driven by a locally produced mediator, possibly a cytokine or chemokine. To date, we have, via gene-deletion approaches and antibody neutralizations, ruled out possible roles for G-CSF and IL-22, both of which are abundantly induced by flagellin in a TLR5dependent manner (supplemental Figures 14A-B and 15A-D). We continue to consider other candidate cytokines and possible cell contact-mediated signals and nonproteinaceous mediators. For example, in equine neutrophils, flagellin activates generation of reactive oxygen species, which are increasingly appreciated to serve as signal transducers in a broad range of cell types. 46 In any case, we anticipate that future studies will more precisely reveal how activating neutrophils or other bone marrow cells with flagellin drive neutrophil progenitor proliferation, and such knowledge will pave the way for new strategies to treat neutropenia in a range of disease states.
